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ABSTRACT

‘1’lIe clcsigII,  fal~rication, and coIItIol  of a 12 1)0}’ Sm;mlti]le  robot is
clcscrihcrl.  The serpentine robot is used for application in J 1’1,’s Re-

mote Surface lnspcctio]l  project arid as a rwsmrcll  tool in rwduncla]lt
manipulator control.

1 .  IIitroduction

OIIC cIf’  our goals was to develop technology to illspcct  I crook, hard-to-reach locations.
~’he JJ’L cx])crimc]ltal  Pdcilit.y  contains a mockup of tlte Space Statio]l  truss struc-
ture that is cluttered with cliffmmt types of objects suclI as an Orbital lteplace]nc]lt
lJnit  (ORIJ)  and a thermal radiator. ‘1’he tasks to IW pcrfc)rmed  ra IIge from visual
ins))  cction by maneuvering inside of narrc)w]y c.oIIfiIiwl  areas aIId detecting anoma]ics
to tmn]wraturc  altd gas leak dctmtion. OIIC such sccutalio  k movi]lg  Im]lind  a radiatcm
]mlcl  and scarclli]lg for clcc.trical  da.rnagcs. ‘1’here aw also SOIIIC light n]a]Lipulatic)]l
tasks whic]l  are required to diagnose, scrvjr.c,  iI]Id rc])air dovic.es  attac.llccl to the S])acc
structure.

At J]’],, a highly redundant robot i]lspcctio]l  systc]ll  co]lsisti~lg  of 20 I)O}T will be
utilized to pcrforln  some of tllc required rc.mote hlspccticm tasks. q’lIc idea is to
attach a mart cnd-cffcctor  tool that has a long- rcacll  scrpcnti]le  feature at the cnd
of a co]lvc.ntiollal  robot. I’igurc 1 SIIOWS  this c.ollfigulation. Note that ihc 7 I)()]I’ of
Robotic.s Research arm is moulltcd  ON a 1 I)OF mohilc base.  The  larger ]nanipulator
CaII Im thought of as a global })ositioning  clevic.c, wllilc tile scr]mIlti]le  rc)hot calI  be
v iewed  as a fine manipulator  being  restricted to o]jcra.tc  in a ]ocal rC’~iOIl. ]11 this
})a])er, tile clcsig]l,  fiihric.atio]l , aIId c.o]ltrol of tllc sc]])mlti)lc  rc)l)c}t is described. (SCC
l’igurc  2).

2 .  Ihxkground

Worli  in scr])cnti]]c robotics dates  back a])proximatcly  30 years. NaII)Qly, the Japanese
companies such as ‘J’oshiba,  h4itsubis]Li,  and llitachi  ]Ia.ve doIIe a ]ot of work i~l this arc!a
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Figure  1:  ovmall  lnspcctiou  Syst(Im a]Id tlIc IIardwaw  Arcliiiccturc

for a}]ldicatioll  ill tlie lIuclcar ljowcr ilIdustly. ]Iirosc [2] of ‘J’okyo  l][stitutc of ‘J’cc]l]lc)l-
ogy devclo])cd  a II UIIIbm of sllalic-like lnccllallis]lls, fc}l c.xalll})lc,  a c.rawlillg  IIlt!cllallisnl
wllicll  utilizes oblique swivel  joil Its. AS, ZII1O [3] l)ui]t  ‘J bs]iiba’s Self AI) I)roa.clt  SystcIn
ill 1982. A Cal]lera  was l[loulltcd cnl tlIc til) of this 16 1)01” tc]iclo]l-drivcul  lllccllallis]ll
to lmfcmn  illspcc.tiotl. III the llnite.s States, ]lotal)]c  works i]iclude Anderson and
IIorll  [4] w’lIc) bu i l t  a  16  1)01’ tm[sc)r arln fo~” ScriJ)~m lllstitutc of occallc)gral~lly  ill
1 9 6 4 .  (hirikjian  and ]Iurc]ic.k  [5] of (hdtec.]1 built a 30 l)ol” variab]e  gcolnctq’  truss
lnalli~julator  to validate IIyl)cr-redllllclallt  arlll  colltro]  al.goritlll[]s.

3, F’inal M+xhanical  Speci f ica t ions  of  tlIe Serpentril]e  llobot

● 3-1)  hlcclla.]lis]]l  wit]]  ‘.l’ot, a] \Vci~llt of 5.6 11)s

● l’;xtc!ll  CICd Roach : 34.5”, l)ialllctctl  of l,lIe ]{obot: 1 . 5 ”

● q’llrougll-]lo)e )]lside  for Ckb]es: 5/16”

● g’eta] of I‘2 l)egrecs-Of-1~’recdo]n (1)01~)

-- 5 l’itch  DOT’ (–60° to 600), 5 Yawr 1)011” (–60° to 60°)

- 1 1{011 1)01” (-  180° to 1800), 1 llolcs(opc’  1)01” (- 100° to 100°)

●  1)01’ Velocity  : 60 dc!grcm/second

The mrpenti]le  robot was designed to bc utilized as a smart  cnd-cffector  tool. ‘J’he
scr}mntine robot would be picked  up by a base robot when additional dexterity is



Figure  2: The  J]’],  %rpmitine  Robot

rwquirccl to perform the task. in this paper, o]lly a few of the design issues will be
discussed, l’br more details, plcam  refer to [6].

4 .  S e r p e n t i n e  R o b o t  D e s i g n

Since the serpentine lobot  is to be attached at the end of another robot, wcigllt and size
nccdcd  to be minimized. Miniature, yet high torque motors were needed. MicroMo’s
2 watt DC motors were chosen. Based on iroltless core technology, these products
have the feature of IIigll  Cfficicllcy  with low mechanical time constants.

‘1’o achicvc high torque, each axis has a very IIigh gcarhcad  ratio. ‘1’he axes of the
first two base joints have a gcarhcad  ratio of 3333:1, and the axes of the rest of
t}lc joints have a gcarhcad  ratio of 1111:1 (high gear ratio was achieved by building
our own custom planetary stages). ‘J’wo redundant lnotors  which arc nlcchanica]ly
coup]cd turn each axis and provide double  the torque of one motor. The gear-tra,ill is
non-backdriveab]c.  Maximum torque at each I)OF is 90 in-lb.

‘l’he joint design nccdcd to be compact. If the conventional method of mounting
the motors on the joints were adopted, the serpentine robot would have had a bulky
design. A patented design owned by the NEC  Corporation was chosen. I’his dcsig]l
allows all motors to be mounted inside of the jcjillt  housings.

l’hc  original design is an active universal joint based on work by lkcda and ‘J’akana.shi
[7] of the NltC  Corporation. Our n~ccllallisnl  was made more compact by modifying
their joint assembly design. q’hc basic idea is illustrated in Figure  3. ‘1’hc oblique
swivel joint assc:nbly  has two shafts, with each shaft a.ttachcd to a half-sphere at all
oblique angle. The two half-spheres arc joined together to rotate freely with respect
to each other. ‘J’llis arrangc!nellt  is contained irlsidc a universal joint with each shaft
joi]lcd  to one side of tllc fralncs that make up tltc universal joint. ‘1’hc motors rotate
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~1’ig,urc  3: oblique  Sw;vcl Joilli Asse]nb]y

t h e  two shafts  thereby  ac.t;vc!ly clIangillg  tlIc orielltaticnl of the u]liversal joint .  IIoth
motors  are c.o]ltmllcxl  s;multanc!ous]y  t o  c.hallgc  the orklltat;on. Now ccmsider  the
Spllcrjc.al  coordinate systelll. WIICII  tlic IIlc)to]s arc rotated  in the saIne direct ions,
the joint  assclnb]y makes  a motkm  almlg tllc + direct ion. If the motors  are rotated
iJI olq)osite  directions, thm the joint,  assm[ibly  IIlakcs a motion  along the O direction.
‘1’llc  motions aloltg,  t]]<> ~~ and # clircw.t;cnis  ]nake ul~ tllc 2 1)0}’ Inovement  of t,hc joint.
Note that wliml  t,l[e shafts arc cc)llillcmr  (?J) = O), a clcgcncmc.y  (singularity) occurs.

‘1’lic  oblicluc  swivel jc)illt  can siln])ly  be considered as a twc)-axis jc)int IIavillg  yaw (/?r,
a rotatic)]l  about its X axis) a]ld pitch (Oy, rotat;oll  al)out  its ~’ axis) lrlot;olls:  Ijct W)
and U2 bc tlic angu la r  vcloc.ilks of tltc two ]notors  at tile joint. IA O and @ bc the
rclevallt  angular  vclclc,itie.s  ill tllc Sphc.ric.a]  coo] di]ia.te systcnl as discussed above il}
F’i.gurc 3. l’hlal]y, let iz and iv bc angular velocities about X and Y axes rcxpcxtively.
We w a n t  to find tllc a]lgular  ]Iioticnls  al)c)ut  tlic X a]ld Y a.xcs c.auscd by tile motio]ls
of the lllotors.  That is, wc tra]lsform  tlIe motcm vclc)cities  as fcdlows:

(w, ,L+) - } (4,$) --’ (L, iv)

e =- li~(bq  -1 q)

?j = K~ (q - L+)

whc.rc. K] aIIct 1[2 arc some constants.
WCJ illtcgraic  fi and JJ for tllc follcm’ilig  tIalisfc)rlllatiolIs:

(), =: A7’AA7(-  .!+ Sal,@)

(& = ATAN(s@ co, co CO - .+ SO s~r)

W C t]icn differcxlc.e  tlm obtained Or and OV with tho previous Or and OV to obtain the
desired results.



5.  Addi t ional  Features  of the Scr]Jcnti]~e l{ohot  S y s t e m

‘1’lIc mecJIanisnI  was dcsigIId to k mechanical ly ]] Ioclular -- the joints  can lw cmsily
irddccl  or subtracted. Visual data is acquired  by usi]lg of a flcxiMe bormcopc  embedded
iliside of t,llc sm-pe)itinc  rolmt  housing. tJscr  interface  will be done by intcra.ctin?; with a
SG1/lIUS  gra]jllic,s  Inc:lu. ‘1’he nlot.cms are controlled remotely from externally located
VM ]’;bus  liard ware.

All tllc above fmtums  are dwxrilml  ill lnorc detail ill [6]

6. Control: Via Point Y’itting  Algorithm (VJ’FA )

All obvious mcthc~d of lnotion  planning for the smpmltine  robot  is to utilize ,somc sort
of a “fcdlcm’-tlic’-lcadcr” algcmitlllll.  ‘1’hc idea is to fi)st.  let the tip of the scrlmntine
mbc)t to movt!  ill such a. way it does Not collide  into  any of the obstacles. To avoid
c.cdlisioll  wit]l the obstacles for tile rest of tllc scrpcntirle  lc)bot’s  body,  wc direct tile
rmt of the links to fc)llow the task space path t}lat the ti~) has propagated through. in
this scctiol], we briefly d[!scribc o]Ie suc.]1 ]I)otioll  l)lallrlirlg  algorit]lm.

Cmlsider  a sc]]mltillc  rol)ot w’it}l  N joints, Eac}I  joirlt  has 2 l)olI”  a]ld is capab]c  o f
allgnlar  ri)otiorls  wi th  rcsl)cc.t tc) its X a]td J’ a x e s . Giverl  a set of A’vio via ~)oirit,s
(V]’,  ,..., V~’*,,,a ) i,, Cart,csian task space t h a t  the til) c)f the serpentine  robot  IIas
~)ml)agatml  t}lrougll,  we dcco]lI~)cmc tllc rllotic)ll  ]J]arlllillg  })ml)]er]l  illtc,  t w o  sub]) roh-
lcrlls:  (1 )  select Joint l’ralllc hflovc l)oillts (J1’h41’) ~vllicll  are a sm-jcs  of h’-])c)irlt  sets
for tlIc origirls  of tlIc rol)ot  joil]t  frarllcs I(I l)ro]jap,atc  tllroug]i; tllc’11  (2) solve for tllc
])itcll  arid yau’ arlg,lm  at caclI join! to  f i t  tllc scl(,ctcd ,11’hll’  ])oillts.

‘J’lIc J1’hll’ ])oirlts ca~l l)c sclcctcd by ])m})agatillg  backward  froln tlIQ l a s t  v i a  ])oirlt
(l’l\,,,C,  ) Jvltcrc  tllc ti]] i s  l o c a t e d  toward  tllc first \’ia ])oillt  (l’}’]).  \l’c dcsigrlatc  a
},articula,r  via }jojrlt as a J] I’MI) ])c)i]lt  for tllc cor]w~)c)lldirlg  joint  if t]Ic via ])oi]lt’s
a c c u m u l a t e d  l;uclidcall  distance  (i, c.j +Z -1 y? “+- 22) fmrli tile til) I)cxition  i s  CICMC
t o  tllc .acc,utliula.td SUIII clf a]}})ro})riat,c  lir~li  lcllgths.  ]’or e x a m p l e ,  tl)e JI’M1’ f o r
tllc l a s t  joint  IN is  tlIcI ])ositioli  o f  tllc sm])crltillc  rol)ot’s ti]).  ~’hc J1’h4}’ f o r  tllc
IImt to tllc last joi IIt (h’-] ) is r[larlid  WI IICIII tllc accu II Iulatcd II;uclidcall  distallc.c~  fro)n
tllc ti]) ])oirlt  is close to tl]c, lclIgtlI of tlIc last lilik. ‘JIIIC  J1’Ivll’  fc)r tllc joint (N-
2) is  marked  wllell  tile accurllulatcd  l’;uclideall  distallcc  is  c]osc t o  tllc surll o f  tllc
lcIIgtlIs  c)f t,lIc  last t,Mo Iobot lir~ks. ‘1’l~is  ]) IoccduJv co:ltillum u]ltil  all N- Jl~h41’ I)c)illts
((~~, }\ T, flA), (~~T.],  }\ T.~, ~~-~),..., (<XI, }’,, Z])) aIc sckctcd  from the via ])oirlts.
M7C IIot!’ ]J]ocecd to tlIe fitting  ~)ortiml.

WC start fitting  from tllc base joilit (i.e ., colll])uti~lf,  tllc c.orrwspolLdirlg  Ox a]ld (?V aJlg]eS

at tllc hasc  frame). l,ct the JFN41’  poi]lt  associated with tile base fralllc  be (X1,1
7

1, Zl).
}lww we siln})ly solve a problcrii  of C.omputillg  tllc r(!quircxl  arlgular  rotations to place

~ })oillt  (~> 07 W+ }’]2 - 1  ~;) t{) (~1)}’1>~1). ‘1’hc. solution  of this proble]i)  is a.s
fo]l  Ows :

6’, = ,41’,4A’(- }’I/Xl) (1)

T o  ccmputc the next set of 8T a]) d #v, we position our reference frarnc  to have
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( Xl, 1’], Z]) as tllc IICWI  origin,  mid rcc)rjcllt  the IIcxt JII’M1’ point  which is (Xz, }\, Z2)
to  lw refcrmlced wi th  rc!slmct to tile ori[!lltatio)l  of the nc!w mfcn-enc.c  f r a m e .  l’irst,
Colilljutc  a vector  associated wjtll  (XZ, }’2, X2). ‘J’llat  is,

V2= (X2– X), 1’2--}<, Z2- %)

Then multjp]y  a rotation matrix to the vector VZ. g’hat is,

V; = ll%fa’(t?~  ) ltot)’(f?~) Vz

V; is tlIC vector rcfcrcwccxl  with respect to the f~-alnc  of the second link. ‘J’hen  o]lcc
again, we use a sil[lilar  set of Cquatjolls  as equatic)ll  (1 ), (2), (3) al)ov~  to Jlt to lz~. f)~
and t?4 arc! thc]l  found. The next J1’hl}’  point is computed as follows:

V; = li.otx  (61) I{Of}’  (6’Z ) N.otx  (OS) l/otY(e4)  1<

~’hc prcmdurc  contjnum  until all aI@cs  are co](iputccl.

All IIUS/SGI gra])hic.s  simu]atioli  })rogram has been written.  ‘J’hc VI’11’A a lgo r i thm
has bccui  validated by testing it on the 11{.1S  machine.

7. Co]]c]usion

We a r c !  ill the l)rcwx!ss  c)f in~plcmclltillg  sc!vcral  ccmtrol  a l g o r i t h m s  f o r  t h e  scrpcntinc!
rc)bc)t. I]] tllc mcallwllilo, C.o)ltlol cvqwrilllcnts are being perforlned  to  r e so lve ’  any
instability }Jroblclns  associated \vitll  ILigll  gear l-atic~s.
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